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The optical properties of excitonic molecules (XXs) in GaAs-based quantum well microcavities 
(MCs) are studied, both theoretically and experimentally. We show that the radiative corrections 
to the XX state, the Lamb shift Axx a^nd radiative width Fxx > large, about 10 — 30 % of the 
molecule binding energy exx, and definitely cannot be neglected. The optics of excitonic molecules 
is dominated by the in-plane resonant dissociation of the molecules into outgoing lA-mode and 
OA-mode cavity polaritons. The later decay channel, "excitonic molecule — > OA-mode polariton 
-I- OA-mode polariton" , deals with the short-wavelength MC polaritons invisible in standard optical 
experiments, i.e., refers to "hidden" optics of microcavities. By using transient four- wave mixing and 
pump-probe spectroscopies, we infer that the radiative width, associated with excitonic molecules 



of the binding energy exx — 0.9 — 1.1 meV, is Fj 



0.2 — 0.3 meV in the microcavities and F 



QW 



0.1 meV in a reference GaAs single quantum well (QW). We show that for our high-quality quasi- 
two-dimensional nanostructures the T2 = 2Ti limit, relevant to the XX states, holds at temperatures 
below 10 K, and that the bipolariton model of excitonic molecules explains quantitatively and self- 
consistently the measured XX radiative widths. A nearly factor two difference between Fxx a-nd 
^xx' attributed to a larger number of the XX optical decay channels in microcavities in comparison 
with those in single QWs. We also find and characterize two critical points in the dependence of 
the radiative corrections against the microcavity detuning, and propose to use the critical points for 
high-precision measurements of the molecule binding energy and microcavity Rabi splitting. 

PACS numbers: 78.66.-w,78.47.+p,78.66.Fd,71.36.-f c 



I. INTRODUCTION 

The optical properties of an excitonic molecule origi- 
nate from the resonant interaction of its constituent exci- 
tons (Xs) with the light field. For semiconductor (GaAs) 
nanostructures we analyze in this paper, the above in- 
teraction refers to quasi-two-dimensional (quasi-2D) QW 
excitons and is different in single, MC-free quantum wells 
and in microcavities. In the first case, the breaking of 
translational invariance along the growth direction {z- 
direction) leads to the coupling of QW excitons to a 
continuum of bulk photon modes. This results in an 
irreversible radiative decay of low-energy QW excitons 
into the bulk photon modes and to interface, or QW, 
polaritons for the QW exciton states lying outside the 
photon coneiiSi^. An interface polariton is the in-plane 
propagating eigenwave guided by a single QW, and the 
light field associated with interface polaritons is evanes- 
cent, i.e., it decays exponentially in the z-direction. In 
contrast, the MC polariton optics deals with the quasi- 
stationary mixed states of quasi-2D MC photons and QW 
excitona^, i.e., one realizes a nearly pure 2D exciton- 
photon system with resonant coupling between two eigen- 
modcs (for a review of the MC polariton optics see, e.g., 
Refs. 6 7]). In this case the radiative lifetime of MC po- 
laritons originates from a finite transmission through the 
cavity mirrors. The main aim of the present work is to 
develop coherent optics of quasi-2D excitonic molecules 
in semiconductor microcavities. 



The XX-mediated optical response from GaAs micro- 
cavities has been addressed only recentlySi^iifliiiiiSiiiii. 

The Coulombic attractive interaction of cross-circular po- 
larized ((7+ and a~) excitons, which gives rise to the XX 
bound state, has been invoked and estimated in order 
to analyze the frequency-degenerate four-wave mixing 
(FWM) experiment^ . Pump-probe specroscopy was used 
in Ref. Q to observe the XX-mediated pump-induced 
changes in the MC reflectivity spectrum. However, in 
the above first experiments the microcavity polariton 
resonance has large broadening so that the spectrally- 
resolved XX transition was not detected. Only re- 
cently the spectrally-resolved "polariton ^ XX" photon- 
assisted transition in GaAs-based MCs has been observed 
by using differential reflection spectroscop}ii2*ii. In par- 
ticular, the transition is revealed in a pump-probe ex- 
periment as an induced absorption from the lower po- 
lariton dispersion branch to the XX state, at positive 
pump-probe time delaysiS. In the latter work the MC 
Rabi splitting 1^5^^, associated with a heavy-hole QW 
exciton, exceeds the XX binding energy exx for more 
than a factor of three. The last experiments on excitonic 
molecules in GaAs microcavities use a high-intensity laser 
field to investigate the XX-mediated changes in the po- 
lariton spectrumiSii^ and parametric scattering of MC 
polaritonsi^. In this work we are dealing with a low- 
intensity limit of the XX optics, aiming to study the ra- 
diative corrections to the molecule state in a high-quality 
GaAs single QW embedded in a co-planar A-cavity. Re- 
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cently, the optical properties of large binding energy 
excitonic molecules in a MC-embedded ZnSc QW has 
been studiedi^. The theoretical model we work out can 
straightforwardly be adapted to the quasi-2D molecules 
in II- VI nanostructures. 

In the previous theoretical studies^^-^^ the XX radia- 
tive corrections are not included, so that the models deal 
with the optically unperturbed molecule wavefunction 
^I'xx and binding energy exx- According to Ref. [l^ . 
the XX radiative corrections are rather small, even if 
nf^ > exx- The authors argue qualitatively that a 
volume of phase space, where the resonant coupling of 
the constituent excitons with the light field occurs, is 
rather small to affect the XX state. As we show below, an 
exactly-solvable bipolariton modeliSiiS, adapted to exci- 
tonic molecules in GaAs-based quasi-2D nanostructures, 
yields Vf^ and A^^ of about (0.15-0.30) exx for micro- 
cavities, and and A^x of about (0.10 - 0.15) exx 
for single QWs. The calculated values refer to the weak 
confinement of QW excitons and QW excitonic molecules 
we deal with in our study. In the weak confinement limit, 
the QW thickness dz is comparable with the in-plane ra- 
dius of the above electron-hole bound complexes, which 
are still constructed in terms of well-defined transversly- 
quantized quasi-2D electronic states. In contrast, in the 
strong confinement limit, is much less than the in- 
plane radius of QW excitons (excitonic molecules). 

The radiative corrections to the XX state cannot be 
neglected, because the exciton-photon coupling (polari- 
ton effect) changes the dispersion of excitons not only 
in a very close vicinity of the resonant crossover be- 
tween the relevant exciton and photon energies, but in 
a rather broad band p pg. Here wavevector po is given 
by the resonant condition huj'^lpo) = cp/^/Fb — Ex{po) 
between the bulk photon and exciton dispersions (e?, is 
the background dielectric constant). For GaAs struc- 
tures po ~ 2.7 X 10^ cm^^. The dimensionless param- 
eter which scales the XX radiative corrections, is 

= {a^^po)^ , where is the molecule radius and 
D is the dimensionality of a semiconductor structure. Re- 
markably, as we demonstrate below, S'^^^ does not de- 
pend upon the MC detuning between the A-cavity mode 
and Ex, i.e., is the same for microcavities and single 
QWs. For our high-quality GaAs QWs with weak con- 
finement of excitons one estimates a^xx^ — -^^O A, so that 

S'^^^ ~ 0.3. The latter value clearly shows that the 
exciton-photon coupling does change considerably the 
quasi-2D XX states. Even for the X wavevectors far away 
from the resonant crossover point pq, the polariton effect 
can still have a considerable impact on the dispersion 
of optically-dressed excitons in bulk semiconductors and 
QWs. To illustrate this, note that for bulk GaAs, e.g., 
the effective mass associated with the upper polariton 
dispersion branch at p = is given by Mcs ~ Mx/4:, i.e., 
by factor four is less than the translational mass of 
optically undressed excitons. In a similar way, the disper- 
sion of QW excitons dressed by MC photons, which gives 



rise to Axx and Fxx, refers to the in-plane wavevector 
domain p|| ^ po rather than to a close vicinity of the 
crossover point p|| ~ 0. 

An excitonic molecule can be described in terms of 
two quasi-bound polaritons (bipolariton), if the coupling 
of the molecule with the light field is much stronger than 
the incoherent scattering processes. In this case the se- 
quence "two incoming polaritons (or bulk photons) — *■ 
quasi-bound XX state two outgoing polaritons" is a 
completely coherent process of the resonant polariton- 
polariton scattering and can be described in terms of the 
bipolariton wavefunction 4'xx- The latter includes an in- 
herent contribution from the outgoing (incoming) polari- 
tons and should be found from the bipolariton wave equa- 
tion. The solution also yields the radiative corrections to 

the XX energy, i.e., -exx = -fxx + ^xx - iFxx/S, 
where exx "input" XX binding energy of an opti- 

cally inactive molecule. For some particular model po- 
tentials of CT+-exciton - cr~-exciton interaction, e.g., for 
the deuteron and Gaussian potentials, the bipolariton 
wave equation can be solved exactljiiSiiS. The bipolariton 
concept was verified in high-precision experiments with 
low-temperature bulk CuCl^*'-^^-^^ and CdS-^, and was 
also applied successfully to explain the XX-mediated op- 
tical response from GaAs/AlGaAs multiple QWfM. The 
latter experiment dealt with quasi-2D XXs in the limit 
of strong QW confinement. In this case the bipolariton 
model shows that the main channel of the optical de- 
cay of QW excitonic molecules in MC-free structures is 
the resonant photon-assisted dissociation of the molecule 
into two outgoing interface (QW) polaritons. Note that 
the Coulombic interaction between two constituent ex- 
citons of the molecule couples the radiative modes and 
the interface polariton states, so that an "umklapp" pro- 
cess between the modes can intrinsically be realized. The 
above picture refers to the following scenario of the coher- 
ent optical generation and dissociation of QW molecules: 
"cr"^ bulk photon + cr^ bulk photon cr+ virtual QW 
exciton -I- a~ virtual QW exciton QW molecule tT+ 
interface polariton + interface polariton" . 

The experiments we report on deal with weakly con- 
fined QW excitonic molecules, i.e., the QW thickness 
dz — 250 A is comparable with the radius of excitons 
in bulk GaAs. The quasi-2D weak confinement allows 
us to neglect inhomogeneous broadening in the detected 
X- and XX-mediated signals. The MC-free single QW 
is used as a reference structure: All the A-microcavities, 
which we study, are embedded with a single QW nearly 
identical to the reference one. By analyzing the coher- 
ent dynamics of the XX-mediated signal in spectrally- 
resolved transient FWM, we infer the XX radiative width 
in the microcavities and in the reference single QW, Fxx 
and FxJf , respectively. The measurements yield Fxx 
larger than by nearly factor two. Furthermore, by 
using pump-probe spectroscopy we also estimate the XX 
binding energies exx and exx'- measurements deal 
with the MC detuning band —2 meV ^ (5 < +2 meV. 
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Similarly to quasi-2D XXs in high-quality single QWs, 
the main mechanism of the optical decay of MC molecules 
is their in-plane resonant dissociation into MC polaritons. 
Thus the coherent optical path of the XX-mediated signal 
in our experiments is given by "ct+ (pump) bulk photon 
+ (pump) bulk photon MC molecule (t+ MC 
polariton -I- MC polariton ct+ (signal) bulk photon 
-I- a~ (signal) bulk photon" . The latter escape of the MC 
polaritons into the bulk photon modes is due to a finite 
radiative lifetime of MC photons. In order to explain the 
experimental data, the bipolariton model is adapted to 
weakly confined quasi-2D molecules in (GaAs) microcav- 
ities and MC-free (GaAs) single QWs. One of the most 
important features of the optics of excitonic molecules in 
microcavities is a large contribution to the bipolariton 
state X&xx from OA- mode MC polaritons. The relevant 
OA-mode polariton states refer to the in-plane wavevec- 
tors p|| ~ poj i-e., are short- wavelength in comparison 
with the lA-mode polariton states activated in standard 
optical experiments. An "invisible" decay channel of 
the MC molecule into two outgoing OA-mode polaritons 
in combination with the directly observable dissociation 
path "XX lA-mode MC polariton + 1 A- mode MC po- 
lariton" explain qualitatively the factor two difference 
between Vf^ and T^^ ■ The use of the microcavities 
embedded with a single QW allows us to apply the bipo- 
lariton model without complications due to the dark X 
states in multiple QWsi^. The bipolariton model quan- 
titatively reproduces our experimental data and predicts 
new spectral features, like Mi 2 critical points in the de- 
tuning dependent Tf^ = and A^c ^ A^C(J). 

Thus the main results of our study on weakly confined 
quasi-2D molecules in GaAs microcavities are (i) rigorous 
justification of the bipolariton model, (ii) importance of 
the XX radiative corrections, and (iii) existence of the 
efficient "hidden" XX decay channel, associated with OA- 
mode MC polaritons. 

In Sec. II, we apply the bipolariton model in order to 
analyze the XX radiative corrections, the XX Lamb shift 
Axx and XX radiative width Fxx, relevant to our mi- 
crocavities and reference QW. After a brief discussion of 
interface and MC polaritons, we demonstrated that in 
GaAs-based quasi-2D structures the XX radiative cor- 
rections can be as large as 10 — 30 % of the (input) XX 

binding energy Cxx- shown that independently of 

the MC detuning 5 the XX radiative corrections in mi- 
crocavities and (reference) QWs are scaled by the same 
dimensionless parameter — (a^-^-'po)^, and that the 
main XX optical decay channels in microcavities are "XX 
— > 1 A- mode MC polariton -f 1 A- mode MC polariton" and 
"XX -> OA-mode MC polariton + OA-mode MC polari- 
ton" against the main decay path in single QWs, "XX 
interface polariton -I- interface polariton" . We also find 
and classify two critical points, Mi and M2 , in the spec- 
trum of the XX radiative corrections in microcavities, 
r^c = Tf^{5) and/or A^c = ^^^{5), and propose to 
use the critical points for high-precision measurements of 
the MC Rabi splitting and the XX binding energy. 



In Sec. Ill, the investigated GaAs-based MC sample 
and the reference GaAs single QW are characterized. We 
describe the FWM measurements at T ~ 9K, which 
allow us to estimate the XX dephasing width for the 
MC detuning band -2meV < 5 < 2meV, f^^(T = 
9K) ~ 0.3 — 0.4 meV, and the pump-probe experiments 
at T = 5K, which yield the bipolariton (XX) binding 
energy in our microcavities, exx — 0-9 — 1.1 meV. 

In Sec. IV, by analyzing a temperature-dependent con- 
tribution to the dephasing widths fxx ^'^^ I^xx'' which 
is associated with XX - LA-phonon scattering, we esti- 
mate the corresponding XX radiative widths in the mi- 
crocavities and reference QW (F^x — 0-2 — 0.3 meV and 
FxJf — 0.1 meV), and show that the bipolariton model 
does reproduce quantitatively and self- consistently both 
F^^ and F^^ . It is shown that the T2 = 2Ti hmit, which 
is crucial for the validity of the bipolariton model, starts 
to hold for excitonic molecules at cryostat temperatures 
below 10 K. We also discuss the underlaying physical pic- 
ture responsible for the large XX radiative corrections in 
high-quality quasi-2D (GaAs) nanostructures. 

A short summary of the results is given in Sec. V. 



II. THE BIPOLARITON STATES IN 
MICROCAVITIES AND SINGLE QUANTUM 
WELLS 

In this Section we briefly discuss interface (quantum 
well) and microcavity polaritons, and apply the bipo- 
lariton modeliSiiS in order to calculate the XX radiative 
corrections and to describe the optical decay channels 
of excitonic molecules in high-quality GaAs-based micro- 
cavities and single QWs. 



A. Interface and microcavity polaritons 

For a single QW, the resonant coupling of excitons 
with the light field can be interpreted in terms of the 
radiative in-plane modes |p|| | < poi which ensure commu- 
nication of low-energy QW excitons with incoming and 
outgoing bulk photons (the only photons used in stan- 
dard pump-probe optical experiments with QWs), and 
interface polaritons, which refer to the states outside the 
photon cone, |p||| > LOt^fehjc. The latter in-plane propa- 
gating polariton eigenmodes are trapped and waveguided 
by the X resonance; they are accompanied by the evanes- 
cent, interface light field, i.e., are invisible at macroscopic 
distances from the QW. 

For an ideal QW microcavity the MC photons with 
in-plane wavevector p|| can be classified in terms of n\- 
transverse eigenmodes in — 0, 1, 2, ...). The MC polari- 
ton eigenstates arise when some of the MC photon eigen- 
modes resonate with the QW exciton state. As we show 
below, only OA- and lA- polariton eigenmodes are rele- 
vant to the optics of QW excitonic molecules in our MC 
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structures. With increasing MC thickness towards infin- 
ity the microcavity polariton eigenstates evolve into the 
radiative and interface polariton eigenmodes associated 
with a MC-free single QW^ 

(i) The light field resonantly interacting with quasi-2D 
excitons in a single ( GaAs) QW. The interaction of a QW 
exciton with in-plane momentum ?ip|[ with the transverse 
light field of frequency uj is characterized by the disper- 
sion equatiorJ^2i3. 



(1) 



The oscillator strength associated with QW ex- 

citons is given by 



^^|0r(r = O)PMc 
n £b 



(4) 



where (t>^^^ (r) is the X wavefunction of relative electron- 
hole motion, and c?cv is the dipolc matrix element of the 
interband optical transition. In the limits of strong and 
weak QW confinement Eq. Q yields 



^ 1 2dzLoitUJt , A 



(3D) ^ , 
2tt/po » d, > a^^""^ 



(5) 



where AIx is the in-plane translational X mass, hcot = 
i?x(P||=0) is the X energy, 7x is the rate of incoherent 

scattering of QW excitons, and is the dimensional 

oscillator strength of exciton-photon interaction per QW 
unit area. Equation refers to a single (GaAs) QW 
confined by two identical (AlGaAs) bulk barriers. 

For |p||| > ojy/eb/c, i.e., for the momentum-frequency 
domain outside the photon cone, Eq. describes the 
in-plane polarized transverse interface polaritons (Y- 
mode polaritons). The evanescent light field associated 
with the interface polaritons is given by E(tj,p||,z) = 

E((jj, p||) exp(— k|z|), where k — ^Jj^~~eiJujJc)^ . The 

exciton and photon components of a QW polariton with 
in-planc wavevector p|| are 



respectively, where a^^^ is the Bohr radius of bulk exci- 
tons and (jJet is the longitudinal-transverse splitting asso- 
ciated with bulk excitons (in bulk GaAs one has Ox^"* ~ 
136 A and huiu ~ 80 — 86/zeV, respectivelyS^) . Thus we 
estimate the upper limit of the oscillator strength in nar- 
row GaAs QWs as Ti^ R^"^ (d^^O) ~ 0.26 - 0.28 eV^A. 
For our GaAs QWs with weak confinement of excitons 
one evaluates from Eq. that (^2=250 1) ~ 

0.061 eV^A. 

(ii) The MC polariton dispersion relevant to excitonic 
molecules in (GaAs-based) microcavities. The dispersion 
equation for MC polaritons, which contribute to the XX- 
mediated optics of a A-cavity we study in our experi- 
ments, is given by 



(Pll) 



kR 



QW 



Ki?^^ + 2[iOt + npl/2Mx - ^ip(Pli)]' 



^^ip(P||) = 1 - "ip(P||) > 



(2) 



respectively. Here lo = tJip(p||) is the polariton disper- 
sion determined by Eq. J^l- Note that the z-polarized 
transverse interface polaritons (Z-mode QW polaritons) 
associated with the ground-state heavy-hole excitons are 
not allowed in GaAs QWs^. 

The low-energy QW excitons from the radiative zone 
|P||| ^ Po = '^t\/£b/c couple with bulk photons, i.e., can 
radiatively decay into the bulk photon modes. In this 
case Eq. yields the X radiative decay rate into bulk 
in-plane {Y-) polarized transverse photons: 



QW 



_ pQW 



Pi 



(3) 



rr(pii-o) 



One can also re- write Eq. ^ as F^ {p\\) 
Po/(p^Pp^/^ where fQW(PII-O) = n{^,/c)Rf' is the 
radiative width of a QW exciton with in-plane momen- 
tum — 0. In high-quality GaAs QWs at low tempera- 
tures, the condition F^^ ^ ?i7x can be achieved, so that 
the X dispersion within the photon cone is approximated 



by hu^"^ {p\\<po) = hujt n'py2Mx - iT'i'\p\\)/2. 



,7 \2 



(6) 



where the photon frequencies, associated with the lA- 



and OA- microcavity eigenmodes, are wj" 



T - ,.,T 



(P||) 



{c^p\/£b + t^lY''^ and = u}l^[p\\) = cp\\/ respec- 
tively. Here loq = {2itc) / {Lz^/ib) is the cavity eigenfre- 
quency, Lz is the MC thickness, and 7r is the inverse 
radiative lifetime of MC photons, due to their escape 
from the microcavity into external bulk photon modes. 
The MC Rabi frequency refers to lA-eigenmode of 
the light field, eiA(^) = \J2/Lz cos[(27rz)/iz] (we assume 
that the QW is located at z = so that \z\ < Lz/2), and 
is determined by 

(f^f.^f-^?l0r(r = O)PMevP^, (7) 

tl Eb l^z 

where h = Ii{dz/Lz) = [Lz/{ndz)]sin[{ndz)/Lz] ~ 
1 - {7T/6){dz/Lz)'^. In turn, the Rabi frequency nf^ 
is associated with OA-eigenmode of the MC light field, 
eoA(-z) = l/\/iz = const., and 
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FIG. 1: Three-branch microcavity polariton dispersion cal- 
culated with Eq. @ for zero-detuning. The parameters are 
adapted to the GaAs microcavities used in our experiments: 
nflf^ = 3.70 meV, hQ^^ = 2.67 meV, et = 12.3, = 
0.4mo, and Ex{p\\^0) = htJt = 1.5219eV. The dashed lines 
show the lA-mode MC photon and exciton dispersions (the 
OA- mode photon dispersion is not plotted). 



From Eqs. 10, and (O one gets 



MC\2 



R 



MC 



(9) 



Because the factor ~ 1 (for our microcavities 

= 250 A and ~ 2326 A, so that ~ 0.96), 

we conclude that nf^^ ~ V^fl^^^ ~ 2{Rf^/L^y^\ 
The factor two difference between {nf-^)"^ and (1^^^)^ 
originates from the difference of the intensities of the 
hght fields associated with microcavity lA- and OA- 
eigenmodes at the QW position, z = 0, i.e., is due to 
|eiA(z=0)|V|eoA(^=0)|2 = 2. 

Thus, the dispersion Eq. © deals with a three-branch 
MC polariton model. In Fig. 1 we plot the polariton dis- 
persion branches, designated by lA-UB (upper branch), 
lA-LB (middle branch), and OA-LB (lower branch), re- 
spectively, and calculated by Eq. ^ for a zero-detuning 
GaAs-based microcavity with fiflY^ ~ 3.70 meV and 
hflf;^ = 2.67 meV. The ratio between the Rabi fre- 
quencies satisfies Eq. ^ , and the used value of fJj^^ 
corresponds to that observed in our experiments. For 



small in-plane wavevectors |p 



P 



0.5 X lO^cm-i 



(see Fig. 1) the lA-UB and lA-LB dispersion curves are 
identical to the upper and lower MC polariton branches 
calculated within the standard lA-eigenmode resonant 
approximation!^. In this case the lA-UB and lA-LB 
polaritons are purely lA-eigenwaves; the OA-LB disper- 
sion is well-separated from the X resonance so that in 
Eq. ||HJ) one can put = in order to describe the 

lA-UB and lA-LB dispersions in the wavevector domain 
P\\ ^ pjl^'*'^" "^^^ anti-crossing between the X dispersion 
ujt + ^p'^^/2Mx and the MC OA-mode photon frequency 



cp\\/y/sb, which occurs at p|| = po — 2.7 x 10^ cm~^, gives 
rise to the MC OA-eigenmode dispersion associated with 
the lA-LB and OA-LB short- wavelength polaritons with 

P|| » Pii^"^^ (s^^ ^^S- "T^is picture is akin to the two- 
branch polariton dispersion in bulk semiconductors; for 
P|| ~ pq the lA-LB and OA-LB polariton dispersion can 
accurately be approximated by Eq. © with fl^^^ — 0. 
In this case Eq. © becomes identical to the dispersion 
equation for bulk polaritons, if in the latter the bulk Rabi 
sphtting n^''^^ (hn^''^^ ~ 15.6 meV in GaAs) is replaced 
by and the bulk photon wavevector p is replaced by 
P|| . Note that for the MC OA-eigenmode the light field is 
homogeneous in the z-direction within the microcavity, 
i.e., for \z\ < Lz/2. With increasing detuning from the 
X resonance the lA-LB and OA-LB polariton dispersions 
approach the photon frequencies uj^^ — cp\\l ^feZ and 

= cp\\l \J e^"-*, respectively, where the low-frequency 

dielectric constant is given by ef'^ = eb[l -I- {Vl^^ /utY]. 
The interconnection between two MC polariton domains 
occurs via the lA-LB polariton dispersion: With increas- 
ing p|| from p|| < p^^^^ towards p\\ > pa the structure 
of the photon component of lA-LB polaritons smoothly 
chang GS, Oil superposition of two modes, from purely 
lA-mode to purely OA-mode. 

Because l/a^^^ > po, the non-zero exciton component 
of all three MC polariton dispersion branches contributes 
to the molecule state and, therefore, to the XX-mediated 
optics of microcavities. The X component, associated 
with the OA-LB, lA-LB, and lA-UB dispersions, is given 
by 



{u 



MC-j2 _ 



'(f]MC)2 



(10) 



— '^»'loALB,lALB,lAUBb||) ^^'^ 



where Wi=0ALB,lALB,lAUB 

the polariton dispersion branches calculated with Eq. ^ 
For a given p|| the X components satisfy the sum rule, 

KxIb? + «lBr + i<%Br = 1- The exciton compo- 
nents, which correspond to the OA-LB, lA-LB, and lA- 
UB dispersions shown in Fig. 1, are plotted in Fig. 2. 
The above polariton branches have non-zero X compo- 
nent when the frequencies ujf^'~^{p^\) resonate with the X 

state, i.e., at py < pji^'*'^ for the lA-UB, at p|| < po for the 
lA-LB, and at py > po for the OA-LB, respectively (see 
Fig. 2). In our microcavities the X component of the 2A-, 
3A- etc. eigenmode MC polaritons is negligible. 

A non-ideal optical confinement of the MC photon 
modes by distributed Bragg reflectors (DBRs) leads to 
the leakage of MC photons and gives rise to the ra- 
diative rate 7r in Eq. 10. Thus the radiative width of 
MC polaritons, due to their optical escape through the 

T^RRc •„ pMC _ t('„,MC \2., 

UDIVb, lb i ,i=oALB,lALB,lAUB — 'H ^i=OALB,lALB,lAUB i 7Rj 
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FIG. 2; The exciton component of OA-LB (dotted line), lA- 
LB (solid line) , and lA-UB (dashed line) polaritons in a zero- 
detuning GaAs microcavity. 



where the photon component of the polaritons is given 
by {vf^f = 1 - (uf^)2. Note that for our GaAs-based 



macrocavities at low temperatures, 
than 7xiSSi2I. 



7r is much larger 



B. Bipolaritons in GaAs quantum wells 

The quasi-2D excitonic molecules in single QWs with- 
out co-planar optical confinement of the light field can 
either resonantly dissociate into interface polaritons or 
decay radiatively into the bulk photon modes. In our op- 
tical experiments, which deal with pump and signal bulk 
photons only, the first route of the XX optical decay can- 
not be visualized directly. Thus this channel refers to the 
"hidden" optics associated with the evanescent light field 
resonantly guided by QW excitons. 

(i) Resonant dissociation of QW excitonic molecules 
into outgoing interface polaritons. The bipolariton model 



QW(i) 

XX 



allows us to calculate the XX radiative width F 

F^]^''^'' (K|| ), associated with the resonant dissociation of 
the molecule with in-plane translational momentum KK\\ , 
by solving the wave equatiorkiSiiS: 



Sip(p|l -l-K||/2) + £;ip(-p|| +K||/2)J^xx(P||,K||) 

r /ip(p||,K||)^M^^+^-(p|| -p'||)*xx(p'||,K||) 



^Q^(K||)^'xx(P||,K||j 



(11) 



Here ^xx and Exx ^""^ ^^'^ bipolariton (XX) wavefunc- 
tion and energy, respectively, Eip = hcuip is the QW 
polariton energy determined by the dispersion Eq. 
/ip(P|hK||) = Mip(p|| -hK||/2)M2p(_pj| -hK||/2), where 
is given by Eq. hpu is the in-plane momentum of 



excitons, and W^+o-- is the attractive Coulombic po- 
tential between (t+- and a~- polarized QW excitons. 
The complex bipolariton energy can also be rewritten as 
E^^_ = 2i5x-e^°i+AQ^-zFQ^/2, where 4°^ is the XX 
binding energy with no renormalization by the coupling 
with the vacuum light field. For the non-local deuteron 
model potential Wcr+cr- (|p|| — p'|||), which yields within 
the standard Schrodinger two-particle (two-X) equation 



the wavefunction ^xx(P||) ~ 2v27raxx /[(P||flxx )^ + 
X]3/2 jtqj, optically inactive molecule, the bipolariton 
wave Eq. Hll|) is exactly-solvable^®. The input parame- 
ters of the model are the binding energy e^x and the 
oscillator strength . Thus the exactly-solvable bipo- 
lariton model simplifies the exciton-exciton interaction, 
but treats rigorously the (interface) polariton effect. 

(ii) Resonant decay of QW excitonic molecules into the 
bulk photon modes. The decay occurs when at least one of 
the constituent excitons of a QW molecule moves within 
the radiative zone, i.e., when | +p|| +K||/2| < po and/or 
I — P|[ -I- Kjj/2| < pq. Note that the exciton-exciton reso- 
nant coherent Coulombic scattering within the molecule 
state intrinsically couples the X radiative and QW po- 
lariton modes. Thus the XX width, associated with the 
optical decay into the bulk photon modes, is given by 



F 



QW(2; 
XX 



(K||=0) = 



1 



Pa 



¥^l{2p^^)\-'rr{p\\)p\\dpii 



2pQW/ 



4(1 + ^)5/2 



+31n(v/rT^+Vx) , 



(5 + 2x)Vx(l + x) 
(12) 



where x = 4(5^^°^ = 4(0^x^0)^ and F^^(p||) is given 
by Eq. (PJ . In the above integral over the QW radiative 
zone we approximate ^xx deuteron wavefunction. 

For X « 1 Eq. m yields F^^^'^ ~ 2hi^b/c)xRT = 

8{axx' Pa)'^^x^ iP\\^^) ■ However, for our reference GaAs 
QW with weak confinement of the electronic states one 
has X — 1.2 so that the above simple approximation of 
Eq. H12|) cannot be used. 



In Fig. 3 we plot the radiative widths F 



=0), 



the relative motion of the optically-dressed constituent 



F^|(^)(Kj|=0), r^r^(K||=0), and r^^(^)(K||=0) + 
Fx^^^^(K||=0) against the oscillator strength of QW ex- 
citons i?^^. The widths are calculated with Eqs. Hll() 
and (|12|l for the input XX binding energy e^^x = 1-1 meV. 
As we discuss in Section HI, the oscillator strength r'^ 
of the high-quality reference QW used in our experiments 
is given by ^i^i?^^ (4 =250 1) ~ 0.035 eV^l. The above 
value, which is inferred from the experimental data, refers 
to the GaAs QW sandwiched between semi-infinite bulk 
AlGaAs barriers and is consistent with that estimated 
in the previous Subsection by using Eq. (O . A cap layer 
on top of the reference single QW modifies the evanes- 
cent field associated with interface polaritons and re- 
duces the oscillator strength to h^Rx"^ {dz=250 A) ~ 
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FIG. 3: The calculated radiative decay widths of the ex- 
citon and bipolariton states versus the oscillator strength 
^Qw rpj^g j^-^ radiative widths associated with the decay 



into interface polaritons, F 



QW(i) 

XX 



, and into bulk photon modes, 



^xx^'^' , are plotted separately. The input XX binding energy 
e'^l = 1.1 meV. The two circle symbols show F^^ and F^^ 
inferred from the experimental data. 



0.028 eV^A (for the details see Section IV). As shown 

0.035 eV^ A Eqs.(|ni) and ^ 

0) ~ 148 /^eV and F^^ ^^^(K||=0) ~ 
33 /ieV, so that the total XX radiative width is given 



in Fig. 3, for Ti^r'^'^ 
yield F^^«(K 



QW/T^, n^ _ pQW(l) 



by r^^^(K||=o) = r 



XX 



r: 



QW(2) 
XX 



0.18 meV. For 



h^R^"^ ~ 0.028 eV^A one calculates f'^^^^ 



lOOA^eV, F^^(2)(K||=0) 



-iQW(l) 
XX 



+r: 



QW(2) 
XX 



0) ^ 
(K||=0) = 
0.126 meV. The latter value is indeed 



26 ^eV, and T-^^ 



XX (K|| = 

QW, 



very close to the XX radiative width F 



QW 
XX 



0.1 meV 



inferred from our opical experiments with the reference 
QW (see Section III). 

The photon-assisted resonant dissociation of QW 
molecules into outgoing interface polaritons is more ef- 
ficient than the XX optical decay into the bulk photon 

~ 0.035 eV^ A and by 
0.028 eV^ A, respectively. This 
conclusion is consistent with that of Ref . |2J| , where for 
the limit of strong QW confinement {dz 0) the rela- 
tive efficiency of the two optical decay channels was es- 



modes by factor 4.5 for H^R'^^ 
factor 3.8 for h^R^'" 



timated to be F 



QW(i) 

XX 



F 



QW(2) 
XX 



25 : 1. The latter ratio 



refers to the idealized case of an extremely narrow GaAs 
QW surrounded by infinitely thick AlGaAs barriers. The 
resonant optical dissociation of the QW molecules into 
interface polaritons is much stronger than the radiative 
decay into the bulk photon modes, because the con- 
stituent excitons in their relative motion move mainly 
outside the radiative zone, with the in-plane momenta 
|±P||-|-K||/2| ^ po- In this case the excitons are optically 
dressed by the evanescent light field, i.e., they exist as 
QW polaritons and, therefore, decay mainly into the con- 
fined, QW-guided interface modes. The picture can also 



be justified by analyzing the joint density of states rele- 
vant to the two optical decay channels. Note that in both 



main equations, Eq. (|11|) and Eq. (|12|l . 6 



(2D) 



- (Oxx Po) 



does represent the dimensionless smallness parameter of 
the (bipolariton) model. 



C. Bipolaritons in GaAs-based microcavities 

The bipolariton model for excitonic molecules in A- 
microcavities requires to construct the XX state in terms 
of quasi-bound OA-LB, lA-LB, and lA-UB polaritons. In 
this case the radiative corrections to the XX state with 
Kii =0 are given by 



A^^(K||=0) 
r^^(Kii^O) 



where 



A 



B 



1 

27 1 



G{P\ 



^xx 



P||dp||G(p||)*(,°l(p 



1 



16^2^ 

In Eq. H14() the bipolariton Green function G{p\\) is 



(14) 



G{P\\) 



5Z J^M-C 
i,j XX 



h \P\\)U] {^P\\)\ 



f^ripw) 



hcjf^i-p\\)+zjo 



(15) 



where -Exx 
eigenfrequency w^^^ 



2£;x(p||=0) 



J XX: the MC polariton 
with 



and the X component [w^j^]^ 



ij = OA-LB, lA-LB, and lA-UB are given by Eq. ® 
and Eq. H10() . respectively, and 70 — > -t-0. The XX radia- 
tive corrections, i.e 

XX ' 



the Lamb shift Axx ^^.d the radia- 



tive width Fxxi depend upon the relative motion of the 
constituent QW excitons over whole momentum space, 
i.e., Eas. (|13|I - H14I) include integration over dp||. The 



(0) 
XX 



,xx 



change of the input XX binding energy, e 
e^°^~ A^^(K||) + (V2)F5f^(K||), occurs because in their 
relative motion the constituent excitons move along the 
MC polariton dispersion curves, rather than possess the 
quadratic dispersion. Ex = hut +h^p^^/i2Mx) (the latter 
is valid only for optically inactive excitons). 

The solution of the exactly-solvable bipolariton model, 
given by Eqs. H13|) - (|15|) . includes all possible channels of 
the in-plane dissociation of the microcavity molecule into 
two outgoing MC polaritons, i.e., "XX (K||=0) ith- 
branch MC polariton {a~^,p\\) + jth-branch MC polari- 
ton (tT~ , — p||)" . Note that the solution of the bipolariton 
wave Eq. (|ll(l for excitonic molecules in a single QW can 
be obtained from Eqs. (|13|) - (|15|l by putting i = j = IP 
and replacing u^R and f^^,*^ by uip and uip, respectively. 
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microcavity detuning 5 (meV) 

FIG. 4: The radiative corrections to the excitonic molecule 
state, Fxx a-nd Axx) calculated against the MC detuning 
S with Eqs. CSJ-lHSJ for the MC Rabi energies hQ.f^ = 
7.76 me V and hnf^ = 5.60 me V. The input XX binding en- 
ergy exx is 0.9meV (dash-dotted line), l.OmeV (solid line), 
and 1.1 me V (dashed line). 



The radiative width T^x^^^ = ^xxi^) and the Lamb 
shift A^^ = Af^{d) calculated by Eqs. (O-UHl) as 
a function of the MC detuning S — h{uJo — ^t) be- 
tween the lA cavity mode and QW exciton are plotted 
in Fig. 4 for three values of the input XX binding en- 
ergy, = 0.9 meV, 1.0 meV, and 1.1 meV. By apply- 
ing Eq. ©, we estimate for this plot the Rabi frequen- 
cies, and relevant to the used three-branch 
MC polariton dispersion given by Eq. ©. Namely, for 
Ti^R^^ — 0.035 eV^ A, associated with the reference QW, 
and = 23261, Eq. ® yields Unf^ ~ 7.76 meV 
and hUJ^^ ~ 5.60 meV. As a result of non-ideal opti- 
cal confinement in the z-direction by DBRs, our GaAs- 
based A- microcavity (i) has a smaller value of i.e., 
'hVl^^ ~ 3.7 meV and (ii) with increasing p\\ loses the 
strength of optical confinement for MC lA-mode photons 



of frequency uj'^ 



Wo- 



The latter means that the MC 



photon radiative width 7r{ is p|| -dependent and smoothly 
increases with increasing p|| . The DBR optical confine- 
ment is completely relaxed for p|| ~ po so that the dis- 
persion Eq. © becomes inadequate, and the microcavity 
OA-LB polariton dispersion evolves towards the interface 
polariton dispersion, associated with the single QW and 
given by Eq. Thus, in order to model the experimen- 
tal data with Eqs. l|l31)-(IlSIl, we use fiQ^^ ~ 3.70 meV 
and h^^^ ~ 2.67 meV, and replace the OA-LB polari- 
ton dispersion by the interface, QW polariton dispersion 

QW _ (\ noK „Aa2 °A -Pr.^ fU;c. r.ooQ +t,<3 ^1«f r.( rMC 



with WR 



0.035 eVM. For this case the plot of Ff^ 



and A^x against the detuning 5 is shown in Fig. 10 (for 
details see Section IV). 

There are two sharp spikes in the dependence Axx — 
Axx ('^) which are accompanied by the jump- like changes 
of the XX radiative width F^^ = r^^(^) (see Figs. 4 
and 10). The above structure is due to van Hove crit- 



ical points, Ml and M2, in the joint density of the 
polariton states (JDPS) relevant to the optical decay 
"MC excitonic molecule K||=0 MC polariton p|| -|- 
MC polariton — P||" (for the critical points wc use the 
classification and notations proposed in Ref. ^J). The 
first critical point A/i in energy-momentum space {5, p||} 
refers to a negative MC detuning 5i and deals with the 



=0)} 



21lLJf 



aMC 
^XX 



condition Re{£;^^(K|| 

^^ialb(P||=0) + ^'^iaub(~P||=0)- This point is marginal 
for the optical decay "XX — > lA-LB polariton -I- lA- 
UB polariton" : For S < Si the above channel is al- 
lowed, while it is absent for S > 61. The critical 
point M2 occurs at a positive detuning S2, which cor- 
responds to the condition Re{i?]^x (K||=0)} = 2'hLUt — 



cxx A^^ = ^a;f,tB(P|rO) + h^^,YBi~P\\=0), and is 
the main marginal point in the JDPS for the XX op- 
tical dissociation into two outgoing lA-LB polaritons. 
Namely, for S < S2 the molecule can decay into two lA- 
LB polaritons, while for S > 62 the optical decay of MC 
molecules with zero in-plane wavevector K|| into lA-LB 
polaritons is completely forbidden. With a very high ac- 
curacy of the order of \S\/uJt <C 1, one finds from Eq. © 
that ?it^iAUB/iALB(P||=0) = hujt + {S/2) ± (1/2) [52 + 
(?iri5^*-")2]^/2. Thus from the energy-momentum conser- 
vation law we estimate the detunings Si,2- 

Critical point AIi : 5i = -exx : 



Critical point M2 



where exx ~ ^xx ~ ^xx true, "measured" binding 

energy of the bipolariton state K||=0, i.e., of the optically 
dressed molecule. 

In order to visualize the optical decay channels of 
MC excitonic molecules, in Figs. 5 and 6 we plot the 
graphic solution of the energy-momentum conservation 
law, E^^ - ?ic.rC(p||) _ ;iu;fC(_p||) = q {i,j = OA- 
LB, lA-LB, and lA-UB). The roots of the equation are 
the poles of the bipolariton Green function G given by 
Eq. H15|l . Figure 5, which refers to the zero-detuning 
GaAs-based microcavity, clearly illustrates that apart 
from the decay path "XX — > lA-LB polariton -I- lA- 
LB polariton" there are also the decay routes which in- 
volve the lA-LB and OA-LB microcavity polaritons with 
Pj| ^ po, i.e., "XX OA-LB polariton -t- OA-LB polari- 
ton" and "XX — > lA-LB polariton -I- OA-LB polariton". 
The graphic solution of energy-momentum conservation 
for the wavevector domain p|| < shown in a mag- 

nified scale in Figs.6a-6c for S — Si, 0, and S2, respec- 
tively. The touching points at = between the lA- 
upper and lA-lower (see Fig. 6a) and lA-lower and lA- 
lower (see Fig. 6c) dispersion branches correspond to the 
Ml and M2 critical points, respectively. The graphic 
solution of the energy-momentum conservation law is 
shown in Fig. 6d for the vicinity of p|| = po- According 
to Eq. ® , the lA-LB and OA-LB polaritons with ~ po 
practically do not depend upon the M^C detuning 6, i.e.. 



9,MC 

^•^xx 



, (16) 
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FIG. 5: The graphic solution of the energy-momentum 
conservation law for the optical decay of a MC molecule 
with K|| — 0. The microcavity Rabi energies are hOf^ — 
3.70 meV and hQ^;!^ = 2.67 meV, the MC detuning is zero. 
The solutions are shown by the bold points Si (XX — > lA-LB 
polariton + lA-LB polariton), S2 (XX OA-LB polariton -|- 
OA-LB polariton), and ^3,4 (XX —> OA-LB polariton -I- lA-LB 
polariton). The efficiency of the last decay channel is negligi- 
ble in comparison with that of the first two. The XX binding 
energy e^x ~ 1 meV. 



the plot shown in Fig. 6d is not sensitive to d. 

The value of the Fj^^-jump and A^^-spike nearby the 
critical point Mi, i.e., at 5 = Si, shows that the con- 
tribution of the decay path "XX lA-UB polariton + 
lA-LB polariton" is rather small, about 1-2% only. This 
is mainly due to a small value of the JDPS in the de- 
cay channel. The main contribution to the XX radia- 
tive corrections in microcavities is due to the frequency- 
degenerate decay routes "XX lA-LB polariton -I- lA- 
LB polariton" and "XX OA-LB polariton + OA-LB 
polariton" (or "XX — * interface polariton -I- interface po- 
lariton", as a result of the relaxation of the transverse 
optical confinement at p|| ~ po). The JDPS associated 
with the first main channel is given by 



^XX^lALB-l-lALB 



— (a 

2nujt V 



(2D)„ 
XX Po 



. ^xx , 



2 -I 



e{52 - S) , (17) 



where Q{x) is the Heaviside step function. The above 
JDPS is relevant to the calculations done by the bipo- 
lariton Eqs. H13|l - (|15|l . The appearance of the dimension- 
less parameter ^^^^ = (a^x^Po)^ on the right-hand side 
(r.h.s.) of Eq. (|17|l is remarkable. Thus the same con- 
trol parameter S^^^ determines the optical decay of ex- 
citonic molecules in the reference single GaAs QW and in 
the GaAs-based microcavities. Furthermore, the JDPS 
given by Eq. (|17|) depends upon the MC detuning only 
through the step function Q{d2 — S). The latter depen- 
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FIG. 6: The graphic solution of energy-momentum conser- 
vation for (a) the decay channels "XX lA-LB polariton 
+ lA-LB polariton" and "XX ^ lA-LB polariton + lA-UB 
polariton" (the MC detuning S = — ImeV, the marginal so- 
lution 55 at p|| — refers to the critical point Mi); (b) the 
decay path "XX —* lA-LB polariton -I- lA-LB polariton" (the 
MC detuning <5 = 0); (c) the decay path "XX lA-LB po- 
lariton -I- lA-LB polariton" (the MC detuning S = 6.345 meV, 
the marginal solution Si at = refers to the critical point 
M2); (d) the decay channels "XX OA-LB polariton -I- OA-LB 
polariton" and "XX OA-LB polariton + lA-UB polariton" 
(this plot is practically independent of S). The MC Rabi fre- 



quencies 0,ix and i^Qx t ^-nd the XX binding energy e^y_ are 
the same as in Fig. 5. 



dence gives rise to the critical point M2. By comparing 
the XX radiative corrections for S < 62 and S > 62 (see 
Figs. 4 and 10), one concludes that the first main decay 
channel "XX lA-LB polariton -I- lA-LB polariton" has 
nearly the same efficiency as the second one, "XX OA- 
LB polariton + OA-LB polariton" (or "XX interface 
polariton -I- interface polariton"). Note that the "vir- 
tual" decay paths, like "XX lA-UB polariton -I- lA- 
UB polariton" , still contribute to the XX Lamb shift in 
microcavities, according to Eqs. H13|l - H15|l . 
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III. EXPERIMENT 



The investigated sample consists of an MBE-grown 
GaAs/Alo.sGao.yAs single quantum well of the thickness 
dz = 250 A and placed in the center of a A-cavity. An 
AlAs/Alo.isGao.ssAs DBR of 25 (16) periods was grown 
at the bottom (top) of the cavity. The spacer layer is 
wedged, in order to tune the cavity mode along the po- 
sition on the sample. Details on the growth and sample 
design can be found in Ref . |0 . The optical properties of 
the reference single QW grown under nominally identical 
conditions are reported in Ref. (26l|: The spectra show 
the ground-state heavy-hole (HH) and light-hole (LH) 
exciton absorption lines separated in energy by about 
2.6 meV. In the MC sample, the coupling of both HH 
and LH excitons with the lA-mode cavity photons re- 
sults in the formation of three lA-eigenmode MC polari- 
ton dispersion branches, lA-LB, lA-MB, and lA-UE^^. 
The lA-mode polaritons have a narrow linewidth: The 
ratio between the HH Rabi splitting and the polariton 
linewidths at zero detuning is about twenty^''. 

For the reference GaAs QW at temperature T ^ 10 K 
the homogeneous width f is dominated by the radia- 
tive decay. The absorption linewidth, measured along the 
z-direction and extrapolated to zero temperature, yields 
the HH-X radiative width of 98 ± 10 /leV. Note that this 
value is affected by optical interference which occurs at 
the position of the QW, 2 = 0, due to bulk photons 
emitted by the QW excitons and partly reflected back 
by the top surface (z — Leap — 499 nm) of a cap layer. 
In this case one has a constructive interference which 
results in the enhancement of the light field at z = 0. 
By treating the optical interference effect, we estimate 
~ 60 /ieV for the reference QW sandwiched between 
semi-infinite bulk AlGaAs barriers. This radiative width 
yields the intrinsic oscillator strength of quasi-2D HH 
excitons Ti^i?^^ (4 =250 1) ~ 0.035 eV^l (see Fig. 3). 
The measured characteristics of excitonic molecules in 
the reference QW are consistent with those reported in 
Ref. [13: The XX binding energy ef^ ~ 0.9 - 1.1 meV 
and the XX radiative width F^^ ~ 0.1 meV. The latter 
value is obtained by extrapolating the measured homo- 
geneous width Tf§^ = ^f^{T) to T = OK. 

The optical experiments with the MC sample were per- 
formed using a Ti:sapphire laser source which generates 
Fourier- limited 100 fs laser pulses at 76 MHz repetition 
rate. Two exciting pulses, 1 and 2, with variable relative 
delay time ri2 propagate along two different incident di- 
rections pi.2 at small angle (< 1°) to the surface normal. 
Pulse 1 precedes pulse 2 for ri2 > 0. The reflectivity spec- 
tra of the probe light and the FWM signal were analyzed 
with a spectrometer and a charge-coupled device camera 
of 140 /ieV FWHM resolution. The sample was held in a 
Helium bath cryostat at T=5 K for all the pump-probe 
measurements and at T=9K in the FWM experiments. 
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FIG. 7: Spectrally resolved four-wave mixing for co-circular 
(dashed line), co- linear (bold dotted line), and cross-linear 
(solid line) polarizations of the exciting pulses. The micro- 
cavity detuning is 5 = 0.76 meV. The pulse along pi-direction 
induces only lA-LB polaritons, and its spectrum is shown by 
the dotted line. 



A. Bipolariton dephasing in GaAs microcavities 

In order to measure the bipolariton dephasing we per- 
form spectrally resolved FWM. The FWM signal was de- 
tected at 2p2 — pi in reflection geometry. The spot size 
of both exciting beams was 50 /im. In Fig. 7 we plot 
the spectrally-resolved FWM signal for different polar- 
ization conflgurations of the laser pulses. The positive 
detuning between the cavity lA-eigenmode and HH ex- 
citon is (5 = 0.76 meV, and the delay time is Ti2=lps. 
Pulse 1 of about 500 fs duration was spectrally shaped 
to excite only the IX-LB polaritons, and the FWM was 
probed with the spectrally broad pulse 2 at all lA-mode 
polariton resonances. For co-linear and cross-linear po- 
larization configurations, the lA-LB polariton to exci- 
tonic molecule transition (lA-LB - XX) is observed in the 
FWM signal (see arrow in Fig. 7) at a spectral position 
consistent with that found in our previous pump-probe 
experimentsiSi. The XX-mediated FWM signal disap- 
pears for co-circular polarization, in accordance with the 
polarization selection rules for the two-photon generation 
of excitonic molecules in a GaAs QW. 

Although the analysis of FWM in microcavities can 
be rather complicated^'^^, the interpretation of our mea- 
surements is simplified by the selective excitation of the 
lA-LB polaritons only. The observed TI-FWM is a free 
polarization decay, due to the dominant homogeneous 
broadening of the X lines in our high-quality 250 A- wide 
QWg26^ At positive delays the FWM signal is created 
by the following sequence. At first, pulse 1 induces a 
first-order polarization associated with lA-LB polaritons. 
The induced polarization decays with the dephasing time 
Tj^"^^ of the lA-LB polaritons. The dephasing time 
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delay time (ps) 

FIG. 8: Comparison between the FWM dynamics measured 
at the lA-LB - XX transition, when pulse 1 resonantly induces 
the lA-mode lower-branch polaritons only, and at the lA-MB 
- XX transition, when pulse 1 resonantly excites only the lA- 
mode middle-branch polaritons. Inset: The XX homogeneous 
linewidth f xx against the MC detuning 5, measured at T = 
9K with about 4nJ/cm^ pump fluence. 



T^^-^^ is dominated by the lifetime of lA-mode MC 
photons. Pulse 2 interacts nonlinearly with the induced 
polarization, and a third-order FWM signal is created 
with an amplitude that decreases with increasing ri2, 
due to the decay of the first-order polarization associ- 
ated with the lA-LB polaritons. The TI-FWM intensi- 
ties at all probed resonances therefore decay nearly with 
the time constant T2^"^^/2. At negative ri2 the FWM 
signal stems from the two-photon coherence of the crys- 
tal ground state to the excitonic molecule transition (0- 
XX) induced by pulse 2. According to energy - in-plane 
momentum conservation, since pulse 1 is resonant with 
lA-LB polaritons only, the FWM signal, associated with 
bulk photons, is emitted in the direction 2p2— pi with the 
energy of the lA-LB - XX transition. Thus the TI-FWM 
dynamics at negative time delays allows us to study the 
polarization decay of the 0-XX transitionSS, i.e., to find 

^ XX ■ 

The ri2-dependence of the TI-FWM signals associated 
with the lA-LB - XX and lA-MB - XX transitions is 
shown in Fig. 8. As expected, at negative T12 one finds 
the same dynamics for both transitions. Therefore, in- 
dependently of the lA-eigenmode MC polariton branch 
selectively excited by pulse 1, we can infer the polar- 
ization decay rate of the 0-XX transition. The homoge- 
neous linewidth of the 0-XX transition Fxx measured at 
low excitation energies per pulse 4nJ/cm^) is potted 
against the MC detuning S in the inset of Fig. 8. Only 
a weak detuning dependence of F^x is observed for the 
detuning band — 2meV < 6 < 2meV. Note that the 
deduced values f^^(T=9K) ~ 0.3 - 0.4 meV are by fac- 
tor 1.5 — 2 larger than f'xx' — 0.2 meV measured from 



the reference QW at nearly the same bath temperature 
T=10K2& (see the dotted line in the inset of Fig. 8). 



B. The binding energy of bipolaritons in GaAs 
microcavities 

The bipolariton energy -Exx found by analysing 
the pump-probe experiments. Pulse 1 acts as an intense 
pump while pulse 2 is a weak probe. The spectrum of the 
pump pulse is shaped and tuned in order to excite reso- 
nantly the lA-LB polaritons only. The spectrally broad 
probe pulse has a spot size of ~ 40 /im. In this case the 
in-plane spatial gradient of the polariton energy is not 
significant. In order to achieve a uniform pump density 
over the probe area, the cross-section of the pump pulse 
is chosen to be by factor two larger than that of the probe 
light. 

In Ref. ^Td\ we show a well-resolved pump-induced ab- 
sorption at the lA-LB - XX transition in the investi- 
gated MC sample. The lA-LB - XX absorption was 
observed in the refiectivity spectra at positive pump- 
probe delay times and for the cross-circularly ((T+- and 
CT^-) polarized pump and probe pulses, according to the 
optical selection rules. In particularly, the induced ab- 
sorption for three different positive MC dctunings was 
measured. Here we extend the pump-probe experiment 
to study the detuning dependence -Exx = ^xxi^)' 
eluding (5 < 0. In Fig. 9 the probe reflectivity spectra 
measured at T12 ~ 0.5 ps for the cross-circularly polar- 
ized pump and probe pulses is plotted. Indicated by 
the arrows (see Fig. 9), a spectrally well- resolved pump- 
induced absorption resonance is observed. In the upper 
left-hand side (l.h.s.) part of Fig. 9 the energy position of 
the lA-LB, lA-MB, and lA-UB polariton resonances and 
of the induced lA-LB - XX absorption are plotted against 
the MC detuning S. The fit done with a three-coupled- 
oscillator scheme (lA-eigenmode MC photon, HH exci- 
ton, and LH exciton resonances) are shown by the solid 
lines. The energies E^^ and E^^ of the HH and LH 
excitons {E^^ ~ 1.5219 eV and E^^ ~ 1.5245 eV) are 
inferred from the fit, and the molecule energy i?xx de- 
termined as the sum of the measured lA-LB and lA-LB - 
XX transition energies. The bipolariton binding energy, 
evaluated as exx = 2i?x^ - ^xx ' plotted against the 
MC detuning S in the lower l.h.s. part of Fig. 9. We find 
that Exx — 0-9 ~ 1.1 meV, i.e., is similar to the value of 
Exx' m the reference single QW and slightly larger than 
that previously reported in Ref. ^3 ■ 



IV. DISCUSSION 

The optical decay of MC bipolaritons can also occur 
directly, through escape of the photon component of the 
constituent (T+- and ct^ -polarized MC polaritons into the 
bulk photon modes. The XX radiative width associated 
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FIG. 9: The reflectivity spectra of the probe light at dif- 
ferent detuning values. The spectra are measured for the 
cross-circularly polarized pump and probe pulses at delay 
time ri2 — 0.5 ps and T — 5K. The pump fluence is about 
0.1/iJ/cm^ The arrows indicate the lA-LP - XX pump- 
induced absorption. Upper left inset: The measured energy 
position of the lA-LP, lA-MP, lA-UP resonances (filled square 
points) and of the induced lA-LP - XX absorption (unfilled 
square points) versus the MC detuning 5. The fit of the MC 
polariton branches, associated with LH and HH QW excitons, 
is shown by the solid lines. Lower left inset: The XX binding 
energy exx determined as the difference between twice the 
bare HH exciton energy and the sum of the lA-LP and lA-LP 
- XX transition energies. 



with this channel is given by 

r-,«(^)(K„ = o) = V ri4"i(2P||)l 

^ Jo 



1 1 - {u^^r 



(18) 



where 



,MC 



P\\dp\\ , 

i 

^^(p||) are determined by Eg. (fTHIl and 



i runs over OA-LB, lA-LB, and lA-UB. Equation lfTH|) is 
akin to Eq. (|12|l and can be interpreted in terms of optical 
evaporation of the MC excitonic molecules through the 
DBR mirrors. Using the measured radiative lincwidth of 
lA-LB polaritons, Tf^^p^^c^O.lSxlO^ cm-^) ~ 0.1 meV, 
we estimate 7i7r ~ 0.3 meV, so that the radiative life- 
time of MC photons is given by tr ~ 2.4 ps. In this case 



Eq. ^ yields T 



MC(2) 
XX 



1- 



-2^eVfor e^°l 



0.9-1.1 meV 

MC(2) 



and assuming that 7Ft is p||-independent. Thus 

less than E^x'^^'', estimated with Eq. H12|l for the refer- 
ence QW (see Fig. 3), by more than one order of mag- 
nitude. This is because instead of the smallness param- 
eter S^^'' — (a^x^'po)^! which appears on the r.h.s. of 

i;(2D) 

R ■ 

^MC(2) 



Eq. Eq. ^ is scaled by {a^xxP\\'^'^)'^ < 



orders of magnitude less than F 



MC(1) 
XX 



calculated with 



Eqs. (|13|I - H15I) . Thus the resonant in-plane dissociation of 
molecules into outgoing MC polaritons absolutely dom- 
inates in the XX-mediated optics of microcavities, so 
that the total XX radiative width is given by = 



^MC(l) 



^MC(2) 



nMC(l) 



The ex- 



XX ^ XX - - XX (see Figs. 4 and 10). 
tremely small value of F^^^^^ allows us to interpret a 
MC excitonic molecule as a nearly "optically-dark" state 
with respect to its direct decay into the bulk photon 
modes. However it is the resonant coupling between lA- 
mode cavity polaritons and external bulk photons which 
is responsible for the optical generation and probe of the 
XX states in microcavities: Our optical experiments deal 
only with bulk pump, probe, and signal photons. In 
the meantime the bipolariton wavefunction 5'xx is con- 
structed in terms of OA-LB, lA-LB, and lA-UB polariton 
states, and umklapp between the MC polariton branches 
occurs through the coherent Coulombic scattering of two 
constituent polaritons. 

While the interpretation of the experimental data (see 
Section III) does require three-branch, lA-LB, lA-MB, 
and lA-UB, polaritons associated with HH and LH ex- 
citons, the contribution to the XX optics from the LH 
Xs is very small. This occurs because (i) the energy 
is well-separated from the XX-mediated resonance 
at E^^ - exx/2 (the relevant ratio between e^^/2 and 
E^^-E^^+e^^/2 is equal to 0.16, i.e., is much less than 
unity) and (ii) because a contribution of the LH exciton 
to the total XX wavefunction is unfavorable in energy, 
i.e., is rather minor. We have checked numerically that 
by the first argument only the LH-X resonance cannot 
change the XX radiative corrections for more than 3-5%. 
Thus the bipolariton model we develop to analyze the op- 
tical properties of MC excitonic molecules and to explain 
the experimental data deals only with OA-LB, lA-LB, and 
lA-UB polaritons associated with the ground-state HH 
exciton. 

In Fig. 10 we plot the XX radiative corrections against 
the MC detuning S, calculated with Eqs. (^-(^Hl by us- 
ing the MC parameters adapted to our GaAs microcavi- 
ties. Namely, the lA-mode cavity Rabi splitting is given 

MC 
lA 



by tiflYx^ — 3.7 meV, and we assume that the DBR opti- 



cal confinement follows the step function 8(p 



(lA) 

II 



The radiative width F 



XX 



associated with the de- 



P\\)- 

For p|| > the OA-LB is replaced by the interface po- 
lariton dispersion given by Eq. Due to the absence 
of the DBR transverse optical confinement at p|| > 
the resonant optical decay of the constituent excitons into 
the bulk photon mode is also included in our calcula- 
tions by using Eq. H12|) with integration over c?p|| from 

Pll^'*''' to pq. From Fig. 10 we conclude that for the de- 
tuning band — 2meV ^ S ^ 2meV the radiative width 
is about 0.20 - 0.22 meV and indeed weakly de- 
pends upon S, in accordance with our experimental data. 
A few fieV Fxx"jump, associated with the critical point 
Ml, is too small to be detected in the current experi- 
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FIG. 10: The radiative corrections to the excitonic molecule 
state, Fxx and Axxi calculated versus the MC detuning 5 
with Eqs. CHJ-CSl for the MC Rabi energy Ti^^ = 3.70 meV 
and assuming that the DBR optical confinement is completely 
relaxed for > V^'^^^ = lO^cm^^. In this case the OA-LB 
dispersion is replaced by the interface polariton dispersion 
with the oscillator strength h^B^ = 0.035 eV^ A. The input 

XX binding energy Exx 0-9 nieV (dash-dotted line), 1.0 meV 
(solid line), and 1.1 meV (dashed line). 



ments. Note that the contribution to from the decay 
channel "XX — > lA-LB polariton + lA-LB polariton" can 
easily be estimated within a standard perturbation the- 
ory: rMC^i.LB+iALB - m't^fpll-^^^^^^^lt. where 
the JDPS is given by Eq. (|17|l . The above estimate 
yields r^x^iALB+iALB — 0.06 meV and is consistent 
with the value of the F^^-jump around (5 = i-e., 
at the M2 critical point (see Fig. 10). An observation 
of F^^ ~ 0.10 - 0.15 meV at (5 > ^2, when the MC ex- 
citonic molecules become optically dark with respect to 
the decay into lA-mode MC polaritons, would be a direct 
visualization of the hidden decay path "XX —* interface 
polariton + interface polariton" . 

The relative change of the XX radiative corrections is 
rather small to be observed in the tested MC detuning 
band \8\ < 2meV with the current accuracy of our mea- 
surements: Eqs. jnj-jni yield ef^{S=2meY) - ef${S= 
-2meV) ~ -4^eV and F^^(5 = 2meV) - F^^(<5 = 
— 2meV) ~ —bfieV; the energy structure a.t S — Si — 



— e^x , nearby the critical point Mi, is also of a few 
fieV only (see Fig. 10). On the other hand, the GaAs- 
based microcavities we have now do not allow us to test 
the critical point M2 which is located in the MC detun- 
ing band 5meV < 6 < 8meV. In the latter case the 
relative change of A^x ^-nd ^xx large enough, about 
0.04— 0.07meV, to be detected in our experiments. High- 
precision modulation spectroscopy is very relevant to ob- 
servation of the critical points, because the derivatives 
(9"(A^C)/5J" („ > 1) and 9"(FfC)/a5» (^ > 1) un- 
dergo a sharp change in the spectral vicinity of Afi_2. The 
modulation of S can be done by applying time-dependent 



FIG. 11: The temperature dependence of the homogeneous 
width F^^_j^^ associated with scattering of QW excitonic 
molecules by bulk LA-phonons. The calculations are done 
with Eq. (I19II for the X deformation potential Dx = 8 eV 
(dashed line), 10 eV (solid line), and 12 eV (dotted line). 



quasi-static electrio2i,, magnetio^S or pressure^ fields. 
Note that the measurement of the detunings Si and S2 
will allow us to determine with a very high accuracy, by 
using Eqs. the XX binding energy e^x and the MC 
Rabi frequency A detailed study of the XX Lamb 

shift A^x versus the MC detuning S and, in particular, 
the detection of the critical points Mi and M2 are the 
issue of our next experiments. 

In order to estimate the radiative width F^x from the 
total homogeneous width Fxx rneasured at T = 9K in 
our FWM experiment, we assume that apart from the 
XX radiative decay the main contribution to F^^ is due 
to temperature-dependent XX - LA-phonon scattering. 
Note that in the experiment we deal with a low-intensity 
limit, when Fxx nearly independent of the excitation 
level. Thus f^^ ^ Tf^ + T'^^_^^, where F^^^^A due 
to the scattering of QW molecules by bulk LA-phonons. 
The DBR optical confinement does not influence the XX 
- LA phonon scattering, so that the width r^]^_LA = 
^xx^-laC^) is same for XXs in the reference single 



QW and in the microcavities. r^]^_L^ is given by 

h 



-la(K||=0) 



XX-LA 



2n- 



dee 



X \F4a^e{e-l 



e-1 



(19) 



where t,c = (ir^h'^ p)/ {32DlM^v,), Vs is the longitudinal 
sound velocity, is the X deformation potential, p is 
the crystal (GaAs) density, n^'^ = l/[exp{eEo/kBT) — 
1], and Eo = 4:M^v^. The form-factor F:,{x) = 
[sin(x) /x] [e"/(l— x^/tt^)] refers to an infinite rectangular 
QW confinement potential and describes the relaxation of 
the momentum conservation law in the z-direction. The 
dimensionless parameter a is given by a = {2dzMxVs) /Tt-. 
The values of the deformation potential Dx, published 
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— 0.2 meV (see the inset of Fig. 8). Thus from 

9 K we conclude 

XX-LA 



in literature, disperse in the band 7eV < < 18 eV. 
In Fig. 11 we plot F^^-la = Txx-laI^) calculated by 
Eq. lini for = 8, 10, and 12 eV. The deformation 
potential = 8eV, which gives F^x-la(^ = 9K) ~ 
0.094 meV and is close to — 9.6 eV reported for GaAs 
in Ref. (3, fits the temperature dependence F^^_l^ — 
-'^xx'-la(^) measured for the reference QW. In particu- 
lar, F^x-la(^ = lOK) ~ 0.1 meV is inferred from the 
total f™^ 

our FWM measurements of f at T 
that the XX radiative width Vf^ = ff^ 
about 0.2 — 0.3 meV, i.e., is consistent with the values 
calculated within the bipolariton model (see Fig. 10). 

In order to apply the bipolariton model [see Eq. (|ll|l ] 
to excitonic molecules in the reference single QW, one 
should take into account that the reference QW is sand- 
wiched between a thick substrate and a cap layer of the 
thickness Leap — 499 nm. The evanescent light field as- 
sociated with the QW polaritons is modified by the cap 
layer. Indeed, for the energy detuning from the 

X resonance, one estimates that k ~ 1.4 x lO^'^cm"^ so 
that exp(— AcLcap) — 0.5 is not negligible. The estimate 
refers to two frequency-degenerate outgoing interface po- 
laritons {Tiw = Ex — e^xO/2) created in the photon- 
assisted resonant dissociation of the QW molecule with 
K|| =0. At z = Leap the initial evanescent field sphts 
into two evanescent fields, "transmitted" to air (or vac- 
uum) and "reflected" back towards the QW. The first 
light field very effectively decays in the z-direction, with 

/p| - (w/c)2 ~ 2.6 X lO^cm-i > k. The "re- 
flected" evanecsent light field makes at z—Q a destructive 
superposition with the initial evanecsent field, because 
the reflection coefficient of the top surface of the cap layer 
is T'cap = (k — Kair)/(K + Kair) — —0.9. The destructive 
superposition stems from the 7r-jump of the phase of the 
"reflected" evanescsent field. Thus the effective oscillator 
strength relevant to the QW bipolariton wave Eq. (|ll|l is 
given by i?^^ 



our reference structure with Ti^R'^ 
?QW 



RT [1 + (^cap/2) exp(-2KLeap)]^ For 
0.035 eV^l we es- 
timate ~ 0.028 eV^l. In this case Eqs. lfTT|l - (fll|l 
yield the total radiative width F^^ (^^11=0) - 0-126 meV 
(see Fig. 3), the value which is very close to F^^ ~ 
0.1 meV obtained from the experimental data. 

Thus the bipolariton model, which attributes the XX 
radiative corrections mainly to the in-plane dissociation 
of molecules into outgoing interface/MC polaritons, re- 
produce quantitatively the XX radiative widths F^x ^^'^ 
^xx estimated from the experimental data. The two 
main channels for the XX decay in microcavities, "XX 
lA-LB polariton + lA-LB polariton" and "XX OA-LB 
(or interface) polariton + OA-LB (or interface) polariton" 
in comparison with the one leading decay route in single 
QWs, "XX — > interface polariton -I- interface polariton" , 
explain qualitatively the factor two difference between 
F^^ and F^^ . The XX- mediated optics of microcavities 



does require to include the "hidden" OA-cavity (or inter- 
face, if the transverse optical confinement is relaxated for 
large p||) polariton mode, which is invisible in standard 
optical experiments and, therefore, is usually neglected. 
Furthermore, with decreasing temperature T < lOK 
f^^ and effectively approach Vf^ and T^^ , re- 

spectively, so that the dephasing of the two-photon XX 
polarization in the microcavities and the reference QW 
occurs mainly through the optical decay of the molecules. 
Thus the T2 = 2ri limit holds for the XX-mediated op- 
tics in our high-quality nanostructures and justifies the 
bipolariton model. The latter interprets the XX optical 
response in terms of resonant polariton-polariton scat- 
tering and requires nonperturbative treatment of both 
leading interactions, exciton-exciton Coulombic attrac- 
tion and exciton-photon resonant coupling. Note that 
in our calculations with the exactly solvable bipolariton 
model only two control parameters of the theory, the in- 
put XX binding energy and the MC Rabi frequency 
^lA^ (or the X oscillator strength i?^^ for the reference 
QW), are taken from the experimental data. No fitting 
parameters are used in the numerical simulations. 

The relative motion of two optically-dressed con- 
stituent excitons of the bipolariton eigenstate (i.e., of the 
excitonic molecule) is affected by the exciton-photon in- 
teraction, according to the polariton dispersion law. The 
optically-induced change of the X energy occurs not only 
in the close vicinity of the resonant crossover between the 
initial photon and exciton dispersions, but in a rather 
broad band of p (or p||). For example, in bulk semi- 
conductors the effective mass associated with the upper 
polariton dispersion branch at p = is given by 



(3D) 
UB 



l + 2{L0u/uJt)m^cyeb)/{nuJt)] 



For bulk GaAs Eq. (gnj) yields M^g = Mub*^ nearly by 
factor four less than the translational mass relevant to 
the pure excitonic dispersion, Mx — 0.7 mg. From the 
microcavity dispersion Eq. ^ one estimates for p|| 
the effective masses associated with the lA-eigenmode 
polariton dispersion branches: 



(20) 



M- 



(MC) 
lAUB/LB 



2E^ 



(cV£.)[1±VWa^)]' 



(21) 



where we assume that \S\ ^ hO^x^- particular, 
for a zero-detuning GaAs-based microcavity Eq. H21|l 



AMC), 
■lAUB^ 

0.7 X 10~ mo. In the meantime, at relatively 
large in-plane momenta p|| ^ ^ Po 

LB polariton energy smoothly approaches the exci- 
ton dispersion, i.e., [£;x(p||) - ^^^xLBiP\\)]\p^^^p^^^^i ^ 

[hin^^^)^LUt]/[2{c^pyeb)] oc l/p|, according to Eq. ©. 
While the above difference is rather small in absolute 
energy units, being compared with the in-plane kinetic 
energy of the exciton, E^^^ = h^p'^^/2Mx, it cannot be 



yields M'.l'^^^iS^O) = M\^i5=0) = 2Exl{^leb) 
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neglected. For example, the difference Ex — ^^ialb 
comes equal to E^^^ at p|| ~ 1.35 x 10^ cm^^. Note that 
for the above value of the in-plane wavevector py the 
photon component, associated with lA-LB polaritons, is 
negligible, i.e., (wJIlb)^ ^ 1 > (wJIlb)^- Because it is a 
balance between the positive kinetic and negative inter- 
action energies of the constituent excitons that gives rise 
to an excitonic molecule, the described optically-induced 
changes of the X effective mass at p|| =0 and the non- 
parabolicity of the X dispersion at large are respon- 
sible for the large XX radiative corrections in quasi-2D 
GaAs nanostructures. 



V. CONCLUSIONS 

In this paper we have studied, both theoretically and 
experimentally, the optical properties of QW excitonic 
molecules in semiconductor (GaAs) microcavities. We 
attribute the main channel of the XX optical decay to 
the resonant dissociation of MC molecules into outgo- 
ing MC polaritons, so that the XX-mediated optical sig- 
nal we detect is due to the resonant radiative escape of 
the secondary MC polaritons through the DBRs. The 
bipolariton model has been adapted to construct the 
XX wavefunction ^'xx in terms of two (lA-UB, lA-LB 
and OA-LB) MC polaritons quasi-bound via Coulombic 
attraction of their exciton components. The MC bipo- 
lariton wave equation gives the radiative corrections to 
the XX state in microcavities. The following conclusions 
summarize our results. 

(i) The radiative corrections to the excitonic molecule 
state in GaAs-based microcavities, the XX Lamb shift 
A^^x a-nd the XX radiative width Tj^^, are large (about 
0.15 — 0.30 of the XX binding energy e^x) and definitely 
cannot be neglected. 

(ii) While usually the QW exciton mediated optics 
of semiconductor microcavities is formulated in terms of 
two lA-mode polariton dispersion branches only (lA-UB 
and lA-LB, according to the terminology used in our pa- 
per), we emphasize the importance of the OA-mode lower- 
branch polariton dispersion: The Coulombic interaction 
of the constituent excitons, which is responsible for the 
XX state, does couple intrinsically three relevant MC po- 
lariton branches, (lA-UB, lA-LB, and OA-LB). Further- 
more, the XX decay path "XX OA-LB polariton -|- 
OA-LB polariton" is comparable in efficiency with the op- 
tical decay into lA-LB polariton modes, i.e., "XX — > lA- 



LB polariton + lA-LB polariton". Due do the relaxation 
of the DBR optical confinement for in-plane wavevectors 
P\\ ^ Po = i^t^/sb/c, with increasing p|| the OA-LB evolves 
towards the interface polariton dispersion associated with 
QW excitons. However, the short-wavelength LB polari- 
tons with p|| ~ po always contribute to the XX-mediated 
optics of microcavities. 

(iii) The zero-temperature extrapolation of the experi- 
mentally found XX dephasing width f^;^(T=9K) yields 
rf^{T=OK) ~ 0.2 - 0.3 meV and is in a quantitative 
agreement with the result of the exactly solvable bipo- 
lariton model, r^^x ^ 0.20 — 0.22 meV. From the analy- 
sis of the experimental data we conclude that the bipo- 
lariton model of MC excitonic molecules, which requires 
T2 ~ 2Ti limit, is valid for our high-quality GaAs-based 
nanostructures at T < 10 K. For the reference GaAs QW 
without the DBR transverse optical confinement we find 

= f^x (^=0K) ~ 0.1 mcV. The latter value is also 
quantitatively consistent with that calculated by solving 
the QW bipolariton wave equation, = 0.126meV. 
The nearly factor two difference between F^J' and F^x 
clearly demonstrates the existence of the additional decay 
channel for a quasi-2D excitonic molecule in microcavi- 
ties ["XX — !■ interface polariton + interface polariton" in 
MC-free single QWs versus "XX OA-LB (or interface) 
polariton -|- OA-LB (or interface) polariton" and "XX 
lA-LB polariton -|- lA-LB polariton" for MC-embedded 
Q W molecules] . 

(iv) The critical van Hove points, Mi{d = Si) and 
M2{S = 62), in the JDPS of the resonant optical chan- 
nel "XX (K||=0) ^ two lA-mode MC polaritons" can 
allow us to find accurately the molecule binding energy 
e^^ and the MC Rabi frequency nf^. Thus, by us- 
ing time-dependent MC detuning S = 6{t), we propose 
to develop high-precision modulation spectroscopies in 
order to detect the rapid changes of the XX radiative 
corrections at 5 = 61^2 [spikes in the XX Lamb shift 

= A^^{S = Si 2) and jumps in the XX radiatve 
width F^c = rfC(^5 = (5i,2)] and estimate e^^ and nf^. 
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